A fluoroplastic heat exchanger is significant for recovery of boiler flue gas heat. Equipped with a W-type heat exchanger which is mainly made of fluoroplastics, the waster heat recovery system designed herein can be used to recover the heat of low-temperature flue gases from coal-fired boilers; through calculation, finds that the design coefficient of heat transfer is consistent with the coefficient of ICEM and Fluent simulation; accordingly, a heat exchanger is designed and related parameters are calculated. The self-designed recovery system provides a great reference value for China to recover waste heat of flue gases from industrial boilers.
Introduction

Overview of the Development of Domestic and Overseas Flue Gas Heat Recovery
Flue gas heat recovery technology was produced and developed in the 1970s when Germany, Japan and Switzerland had developed the technology of recovering flue gas heat by having boilers equipped with various heat exchange equipment. In the mid-20th century, Thyssen of Germany, the leading company in the industries of steel and iron and machinery manufacturing, installed multilevel circulating coolers on the exhaust hoods of sintering coolers of the workshop for preheating air [1] ; Schwarze Pumpe of Germany removed gas from the flue between the electrostatic precipitator and the desulphurizing tower, and installed a flue gas cooling unit to recover waste heat for heating boiler condensate [2] . As the first country who generated power by waste heat in the world, Japan built a set of power generation system, by which flue gas is used as low-temperature heat source to generate vapor and power; under the direction of Alam and Boe-hman, driven by waste heat, the system had the capacity and efficiency of refrigeration improved [3] . In 1981, a cement plant of Switzerland installed a flue gas heat recovery system [4] for a boiler, with which the accompanying heat was extracted to generate power and supply heat. The system consists of waste heat boiler, condensing steam turbine generator and other auxiliary devices.
In recent years, with the continuous development of waste heat recovery system, many overseas scholars have made a great deal of research on the specific form and parameters of waste heat recovery. Through fitting analysis, Zhelev T K and Semkov K A [5] obtained the relationship between the parameters related to recovery of waste heat of clean flue gas. Having made research on the effect of heating boiler condensate with flue gas heat in terms of coal saving, Espatolero, et al. [6] theoretically gave the relationship between the change in flue gas temperature and the economic benefit of boiler.
Comparing with sound overseas waste heat recovery systems, domestic recovery technologies have not become mature with the total heat efficiency of boiler of less than 60%, and mostly even 40%-50%. In relation to flue gas heat recovery, domestic research mainly focused on the form of recovery system and prevention against low-temperature corrosion. Through comparison between different flue gas heat recovery technologies, Jing Tian, et al. [7] described their respective advantages and disadvantages, and especially introduced the application of heat pipe exchangers and condensing boilers and the development of combination systems, and analyzed the effect of waste heat recovery, and finally concluded that the current waste heat recovery technology had a large room for development. On the basis of the principle of low-temperature corrosion, dew-point temperature of vitriol and condensation, Zhi-chao Li [8] made a comparison between and an analysis on the advantages and disadvantages of domestic and overseas technologies, devices and methods of preventing low-temperature corrosion, reducing flue gas temperature and recovering flue gas heat, and in combination with the theory of effective corrosion, introduced the direction of domestic research on in-depth utilization of boiler flue gas heat. Hua-xin WU [9] recovered low-temperature flue gas heat on a qualitative and quantitative basis with an absorption heat pump, realizing the in-depth recovery and gradient utilization of the heat. Yi-qiang Wei, et al. [10] made an improvement to a heating boiler room of Beijing using a corrosion-proof condensing flue gas heat recovery unit, and recycled waste heat using low-temperature flue gas as the heat source of absorption heat pump, which was also used for heat supply, thus improving the efficiency by 1-2.3%, and condensate was found to be effective to purify flue gas. In relation to flue gas heat recovery with an absorption heat pump, Hong-shu Jia et al. [11] made a study on equipment corrosion, non-condensable gases and equipment obstruction, and proposed application solutions. With regard to the application of the technology of recovering waste heat of flue gas from gas-fired boilers, Peng Wang, et al. [12] researched a system and analyzed its energy-saving and defogging effect, and proposed that recovering flue gas condensate heat contributed to energy saving and improvement of hazy weather.
Development of Domestic and Overseas Fluoroplastic Heat Exchangers
Fluoroplastic heat exchangers for flue gas heat are made of fluoroplastics imported from DuPont of the U.S. and DAIKIN of Japan and resistant to flue gas acid dew-point corrosion and high temperature up to 260°C, with which low-temperature flue gases may be recovered; pipe bundles are parallel to flues, and the flue resistance is low; with a smooth beam surface, fluoroplastics slightly vibrate during the use, without dust deposits mostly, and dedusting devices are provided to ensure the normal operation of heat exchangers [15] . In recent years, in relation to fluoroplastic heat exchangers, overseas research was mainly made on improvement of the performance of heat transfer and the compactness. Domestic research on fluoroplastics was over 10 years later than overseas research. China started the research in the 1970s, and the production by the 1980s. Since the 21 st century, fluoroplastic heat exchangers have drawn people's attention in many fields, and related studies have changed from those on the wide aspect of system and equipment structure to the more basic and detailed aspect of heat transfer characteristics. Many scholars like Yue-heng Wang, Kai Xin, Li Jia and Guo-chun Zhao made research and analysis on how to improve the performance of heat transfer, advantages of fluoroplastics over traditional metallic heat exchangers, deduction of the formula in relation to heat transfer rule and the effect of heat resistance of tube wall on overall coefficient of heat transfer. To save coals and improve the gross heat efficiency, for the further purpose of saving energy, protecting environment and improving economic benefit, it is valuable to make research on recovery of boiler flue gas heat with fluoroplastic heat exchangers.
Main Contents
Nowadays when importance is increasingly attached to energy saving and emission reduction, in industrial and civil fields, flue gases from boilers are of high temperature, and the amount of exhaust is large, leaving a huge space for recycling. However, limited by acid corrosion and dust, the temperature of flue gases can only be reduced to an extent over the acid dew point temperature. Therefore, it is difficult to recover waste heat.
Focusing on acid corrosion and scaling of flue gases from industrial boilers for regional heat supply, the paper designed a waste heat recovery system on the basis of a heat exchanger mainly made of fluoroplastics, and reduced the flue gas temperature to that below acid dew point so as to recover more heat. The specific step is as follows: 1) selection of an applicable heat exchanger; 2) design calculation and numerical simulation; 3) overall structural design and analysis for selection of a most appropriate structure parameters.
Heat Exchanger Structure
Vertically placed plastic pipe bundles should be W-type, and water inlet and outlet should be above the heat exchanger and no water in all pipes should be mixed. Flue gases pass through from the side, and flue gas inlet is water outlet, and flue gas outlet is water inlet. There are 4 times of cross flow cooling throughout the whole reverse flow process (as shown in Fig. 1 ). Figure 1 . Heat Exchanger Structure. Figure 2 . Correction Factor of a Cross Flow [14] .
Source: self-made.
Design Calculation and Numerical Simulation
Coefficient of Heat Transfer
Original Data. In relation to a boiler, the rated capacity is 150 t/h; the flue gas flow is 200000 Nm 3 /h; the temperature of flue gases of the outlet of the induced draft fan is 135℃; the flue gas temperature is to be reduced to 70℃ through a heat exchanger for supply of heat to the factory; the return water temperature of the heating network is 45℃, and heated to 80℃ (as shown in Table 1 ).
Calculation of Heat Exchange Capacity.
According to the parameters of the selected boiler, and the formula of flue gas enthalpy, Table 2 and Table 3 are obtained.
In the event of normal operation of the boiler under the design condition, when the flue gas temperature is reduced to 70℃ from 135℃, the heat recovered is calculated as: [13] (1) Where in, m y refers to coal consumption under design condition (kg/s); h y,1 refers to enthalpy of flue gas at the inlet of the heat exchanger (kJ/kg fuel); h y,2 refers to enthalpy of flue gas at the outlet of the heat exchanger (kJ/kg fuel).
Given m y =8.60 kg/s; h y,1 =1846.3 kJ/kg fuel; h y,2 =1042.27 kJ/kg fuel, then the total heat exchange capacity Q y is 3610 kW.
Regardless of the heat loss in the environment, the amount of heat released from thermal fluid should equal that absorbed by cold fluid, obtaining the heat balance equation being: [13] (2) Where in, M 1 and M 2 refer to the mass flow of thermal fluid and cold fluid respectively (kg/s); i 1 and i 2 refer to the enthalpy of thermal fluid and cold fluid respectively (J/kg). Therefore, upon coverage of the flue with thermal insulation materials, regardless of the heat lost through the flue, the amount of heat absorbed by water equals that released by flue gas throughout the process of reduction of the temperature from 135℃ to 70℃, that is, Q s =Q y =3610 kW. In the paper, a heat exchanger for flue gas heat recovery is used to heat the return water of heating network from 45℃ to 80℃. Given the heat amount of water in the heat exchanger and the difference between water at the outlet and inlet are known, the mass flow of water (m 2 ) is calculated as:
Q s =cm 2 (t 2 〞 -t 2 ′ ) [13] (3) The qualitative temperature of water is calculated as:
According to the specific heat at constant pressure at the temperature ( c ) equal to 4.181 kJ/(kg·K), m 2 =25.39 kg/s. 
Calculation of Mean Temperature Difference
According to the aforementioned heat exchanger structure, the fluids flow in the manner of mixture at the side of flue gas and non-mixture at the side of water, showing a general trend of four times of cross flow throughout the process of reverse flow. In the event of reverse flow, the logarithmic mean temperature difference is calculated as: [14] (4)
Where in △t′ =135-70=65℃ and △ t〞=80-45=35℃, we may obtain that △t lm,c =48.46 ℃.
In terms of calculation of the logarithmic mean temperature difference, the mixed flow and cross flow are more complicated than direct flow and reverse flow. Generally, to calculate the temperature of fluid at the inlet and outlet, the difference is first calculated on the basis of reverse flow, and then it multiplies the correction factor ψ introduced in consideration of the difference from reserve flow, that is: [14] (5) Where in, △ t m refers to the logarithmic mean temperature difference of mixed flow and cross flow; △ t lm,c refers to the logarithmic mean temperature difference calculated according to the above formula in the event of reverse flow; Ψ refers to correction factor. To calculate Ψ, transform the equation and given that:
As a auxiliary parameter, Ψ may be obtained through check related data. Through calculation according to the parameters provided herein, P=35/90=0.39 and R =65/35=1.86.
In the event of mixture of a fluid and non-mixture of another fluid causing one time of cross flow, Ψ 1 may be obtained according to Fig. 2, being 0. 79.
In the event of several times of cross flow, correction will be made to the one time of cross flow according to the added frequency, in relation to which Ψ is calculated as: [14] (7) Where in, P n refers to the correction of P through n times of cross flow; when the general trend is reverse flow, [14] (8) n refers to the frequency of cross.
Through calculation according to the formula, P n =0.1718 and Ψ=0.87. In relation to the corrected valid logarithmic mean temperature difference, △ t m =Ψ△t lm,c =41.87℃.
Coefficient of Heat Transfer
1) Coefficient of heat transfer by convection at the side of flue gas When a fluoroplastic heat exchanger is used to dispose flue gases, heat exchange is achieved between flue gases and water through the plastic pipe wall, during which the two have no direct contact; when the temperature of the wall is lower than the water dew point temperature of the flue gas layer next to the wall, flue gases will be cooled, and the vapors therein will gradually congeal and form fluid drops on the surface. In the process, a saturated flue gas boundary layer will form around the outer wall of the plastic pipe, and both sensible heat exchange and latent heat exchange arising from phase change will occur between processed flue gases and the exchanger.
Heat exchange of flue gases in the heat exchanger is considered a process of dehumidification and cooling, and the saturated boundary layer formed next to the heat exchanger wall is the boundary layer of wet flue gases, in which case the temperature of the flue gas layer next to the wall is considered to approximate to the temperature of the plastic pipe wall. Therefore, the heat exchange between the main part of flue gas and the surface of heat exchanger arises from the difference between the mainstream temperature of flue gas and the temperature of the flue gas layer next to the wall; mass exchange arises from the difference between the partial pressure of vapors in mainstream flue gases and the saturated flue gas layer next to the wall. This is similar to the process of operation of a surface air cooler in air conditioning, and the rule of heat and mass exchange between wet flue gases and heat exchanger surface complies with the Lewis formula as follows:
h m =h/c p [15] (9) Where in, h m refers to the coefficient of convective mass transfer (m/s); h refers to the coefficient of convective heat transfer (kW/(m 2 ·K); c p refers to the specific heat of flue gas at constant pressure (kJ/(kg· ℃ ).
Throughout the process of heat and mass exchange between wet flue gases and plastic pipe wall, the following Merkel equation is used: refers to the specific heat of gas at constant pressure (kJ/(kg· ℃); t refers to the mainstream temperature of wet flue gas; d refers to the moisture content in mainstream wet flue gas (kg/kg dry flue gas); d i refers to the moisture content in saturated flue gas next to water film (kg/kg dry flue gas); r refers to the latent heat of vaporization(kJ/kg); i refers to the enthalpy of mainstream wet flue gas (kJ/kg); i i refers to the enthalpy of saturated flue gas next to water film (kJ/kg).
In the process of cooling and dehumidificationin relation to wet flue gases and the plastic pipe surface, the difference between mainstream wet flue gases and the saturated flue gas layer next to water film in enthalpy is considered the power of heat and mass exchange. Therefore, in the process of cooling flue gases in the research, when the flue gas temperature becomesless than the water dew point, vapors in flue gases will separate out and form water film on the surface of heat exchanger, and the process of heat exchange between flue gases and heat exchanger surface is similar to the above process with regard to wet air, making the algorithm of heat exchange at the side of flue gas applies to that in relation to wet air in the surface air cooler, provided that correction should be made to a certain extent according to the specific circumstance.
In the event there is condensate water on the outer wall of the plastic pipe, the coefficient of heat exchange is considered as hζ and ζ times as much as that under the dry condition. Therefore, in the process of calculating the coefficient of heat transfer at the side of flue gas, the value under the dry condition may be calculated first, and thenit multiplies by the coefficient of moisture absorption of flue gas as the coefficient of heat exchange under the wet condition. Currently, the coefficient of moisture absorption is calculated with the following formula in engineering, through which the process is convenient and error is slight. [13] (11) Where in, i 1 and i 2 refer to the enthalpy of flue gas at the inlet and outlet respectively (kJ/kg); t 1 and t 2 refers to the temperature of flue gas at the inlet and outlet respectively (℃ ); c p refers to the specific heat of flue gas at constant pressure (kJ/(kg·℃ ). According to the nature of mixed gases, the proportion of volume of each component in flue gases and its specific heat capacity, the specific heat of flue gas at constant pressure (c p ) is equal to 1.0606
kJ/( kg· ℃ ).
In accordance with the boiler data, the mass of flue gases generated by a kilogram of fuels is 12.27 kg, then the different of flue gases per kilogram at the inlet and outlet in enthalpy (△i) is equal to 81.21 kJ/kg, and the coefficient of moisture absorption under the wet condition (ζ ) is 1.43.
The coefficient of heat exchange under the dry condition at the side of flue gas of the PTFE heat exchanger may be calculated based on the criterion equation in relation to the mean surface coefficient of heat transfer of outer pipe bundles. The mean temperature between the flue gases at the inlet and outlet is considered as the qualitative temperature, being 62.5℃.
Reynolds number is calculated as:
Re=νd/υ [16] (12) Where in ν refers to the flow velocity of flue gas at the narrowest point of the actual internal area, being 4 m/s; d refers to the equivalent diameter, i.e. outer diameter of pipe, being 6×10 -3 m; υ refers to the kinematic viscosity of flue gas, being 2.458×10 -5 m 2 /s; then Re =903. Prandtl number is calculated as:
Pr= c p µ/λ [16] (13) Where in, µ refers to the dynamic viscosity of flue gas, being 1.84×10 -5 Pa·s; λ refers to the thermal conductivity of flue gas, being 0.0313 W/（m·℃), then Pr = 0.71.
Nusselt number is calculated as:
Nu=h y ′d e /λ [16] ( [16] (16) 2) Coefficient of convective heat transfer at the side of water The qualitative temperature of water is considered equal to the arithmetic mean between the temperature at the inlet and outlet, being 62.5℃, under which the kinematic viscosity of water (υ′ ) is 4.819×10 
]( Pr f /Pr w ) [16] (17) As the inner diameter of pipe (d i ) is 5.5×10 -3 m and far less than the length of pipe, the above equation may be simplified as:
Then Nu=11.72, and the coefficient of convective heat transfer at the side of water (h s ) is 1408 W/(m 2 ·K). Heat transfer through a round pipe involves cylinder wall. In relation to a smooth round pipe of thin wall, subject to the external surface area, [14] (19) Where in r s,i refers to the fouling resistance of inner wall of pipe (m [14] (20) As both the wall thickness and pipe diameter are very small, the above equation may be simplified as: The height of effective heat exchange is 5 m, and in the event of pipe pass 4, the pipe length of 20 m and the pipe diameter of 6 mm, 3184 plastic pipes are required, and for the convenience of overall arrangement, the calculation may be subject to 3200 pipes. 
Calculation of Flow Resistance
(23) Where in, λ refers to the coefficient of friction of Moody tube, being 0.045; ϕ i refers to the correction factor of viscosity, and ϕ i =(µ/µ w ) 0.14 =1.05 when fluids are heated, so [16] (24) Temporarily, 3200 pipes are arranged in 160 columns in the direction vertical to the direction of flow of flue gas, and in each column there are 20 pipes, so N=160, and then in relation to the resistance, 
Numerical Simulation
A heat exchanger model is built with ICEM and Fluent, and according to the temperature of flue gas and water at the inlet and outlet, the temperature field and flow field are obtained, thus figuring out the coefficient of heat transfer.
Given that the temperature of flue gas and water at the inlet is 80 ℃ and 45 ℃ respectively, through numerical simulation, the coefficient of heat transfer is 79.6 W/(m 2 ·K) at the side of water and 86.4 W/(m 2 ·K) at the side of flue gas. Given that the temperature of flue gas and water at the outlet is 135℃ and 70℃ respectively, through numerical simulation, the coefficient of heat transfer is 81.7 W/(m 2 ·K) at the side of water and 90.3 W/(m 2 ·K) at the side of flue gas.
Conclusion
There is little difference between simulation data and design data, so the two are considered consistent.
Overall Design
Shape of Pipeline at the Bend
According to the data provided by the manufacturer, the fluoroplastic pipe of the diameter of 6 mm and the wall thickness of 0.45 mm has the minimum bending radius of 50 mm. To compact the structure and minimize the overall volume of the heat exchanger, the bending radius of the innermost pipe at the bendis minimum, being 50 mm (Fig. 3) . For the convenience of calculation, the outermost pipe at the bend is approximately considered as a semicircle. 
Arrangement of Pipe on Plate
Pipe arrangement methods include hexagonal, concentric circle and square arrangements. When fluoroplastic pipes are arranged to present a shape of concentric circle, the distance between pipes on each layer of circle is different, making it difficult to mark out and manufacture on a pipe plate. Especially, the connection between fluoroplastic pipe plates has adverse effect on welding and sintering process; in relation to square arrangement, the quantity of pipes arranged on the pipe plates of same area is minimum, making it applicable to the pipes and places where dirt is easily generated, but with a fluoroplastic heat exchanger pipe bundle, no dirt is easily generated, so the regular triangle arrangement is more appropriate for fluoroplastic pipes. As shown in Fig.4 , there are 800 pipes on each module (5 in total), among which 32 are arranged on the center line, and 372 pipes are arranged at both sides in a gradient manner and remaining 48 pipes are evenly distributed on the six sides of the hexagon. The distance between the rows is 8 mm, and the distance between the adjacent pipes on a row is also 8 mm.
Flange Connection Between Pipe Plate and Water Main and Specific Structure Dimension
As shown in Fig. 5 and Fig. 6 .
Overall Design Parameters of Heat Exchanger
According to the above result calculated, the following overall design parameters of the heat exchanger are obtained (Table 4) .
Conclusion
To recover part heat from overheated flue gases, and achieve high-efficiency energy application, a fluoroplastic heat exchanger and its model are designed, of which the thermal conductivity obtained through design calculation is consistent with that through simulation with ICEM and Fluent. With a reasonable design structure and accurate design parameters, the exchanger may theoretically achieve high-efficiency flue gas heat recovery, and is theoretically significant to the recycling of waste heat of Chinese industrial boiler flue gases.
